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In this context, new Pt(II) complexes have been synthesized, 2 and the ability of these new Pt(II) compounds to induce apoptosis in human cancer cells has been studied and compared with the well-established anticancer drug, cisPt; among them, [Pt(O,O 0 -acac)(g-acac)(DMS)] (PtAcD) exhibited the highest in vitro activity. In addition, the reactivity of these novel complexes with nucleobases and sulfur ligands suggests that their cytotoxicity may not necessarily require reaction with DNA. 3 PtAcD reaches the central nervous system in doses much higher than cisPt. Nevertheless, PtAcD displayed a low neurotoxicity in normal tissues. 4 We also showed that PtAcD exhibited higher antitumor activity than cisPt on MCF-7 and in other breast cancer cell lines, but not in MCF-10A cell lines, which are considered to be normal and non-cancerous breast cells. 5 These data deserve further investigation, as it is important to determine whether PtAcD is specifically toxic for cancer cells. To this end, we made primary epithelial cell cultures from 30 breast cancers that may retain specific physiological function of origin mammalian tissue. 6 The effects of PtAcD were studied in primary cultured tumoral cells and also in cells obtained from the corresponding histologically proven nonmalignant tissue adjacent to the tumor, in order to evaluate the responsiveness of the two cell types obtained from the same patient. Modulation of mitogenactivated protein kinases (MAPKs) signaling has been shown in many cases to influence the apoptotic response to antitumor agents. 7 The MAPK cascades have a complex and controversial role in determining the ultimate fate of the cells depending on the cell type and molecular background. In this study, we also investigated the effects of PtAcD on MAPKs and some other important intracellular transduction pathways involved in the processes of apoptosis and/or cell survival. We established a link between the activation of these pathways and the different cytotoxicity exerted by PtAcD in healthy and cancerous cells.
Results
Cytotoxicity of the drugs. Cells were treated with various concentrations of PtAcD or cisPt, and viable cell number was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenol tetrazolium bromide (MTT) metabolic assay and confirmed by sulforhodamine B (SRB) assay 12, 24, 48 and 72 h later. Comparable results were obtained when the cell number was directly determined by cell counting; therefore, we used the MTT assay in the experiments described hereafter. Both PtAcD and cisPt provoked a dose-dependent decrease in cell survival, at different extent. In breast cancer cells, PtAcD cytotoxicity was approximately 16-fold greater than that observed for cisPt (IC 50 5.3 ± 0.4 mM for PtAcD and IC 50 94.7±3.4 mM for cisPt; Po0.0001, after 72 h treatment, n ¼ 30 primary cultures). Conversely, in non-cancerous cells obtained from non-malignant tissue adjacent to the tumor, cisPt was significantly more cytotoxic than PtAcD (IC 50 98.8 ± 8.7 mM for PtAcD and IC 50 62.3 ± 4.5 mM for cisPt; Po0.0001, after 72 h treatment, n ¼ 30 primary cultures) (Figures 1a and b) . Thus, epithelial breast cancer cells were more sensitive to PtAcD than normal cells, while the opposite occurred for cisPt.
Induction of apoptosis by PtAcD. Cells were treated or not with 10 mM PtAcD and 100 mM cisPt, concentrations corresponding to the IC 50 values in both normal and tumor cells, after 48 h exposure to agonist (as shown in Figures 1a and b, 10 mM PtAcD provokes important cytotoxic effects on cancer but negligible effects on healthy cells), and the cleavage patterns of caspase-3, -7 and -9 were analyzed by western blotting. PtAcD caused the very fast proteolysis of procaspase-7, -9 and PARP in tumor cells and a slower proteolysis in normal cells (Figure 1c) . CisPt caused the proteolysis of procaspase-7 and -9 at higher concentration, but it also caused the activation of caspase-3 and PARP proteolysis (Figure 1d ). The inhibition of caspase-3 by small interfering RNA (siRNA) provoked a significant decrease in healthy cell death obtained with cisPt, while there was no difference in cells treated with PtAcD (Figures 1e and f) , confirming that the apoptotic pathways triggered by PtAcD and cisPt are different.
Exposure of cancer breast cells to PtAcD induced an increase in Bax expression and a pronounced decrease in Bcl-2 expression, while in normal cells are observed less pronounced variations. The truncated form of Bid (t-Bid) was observed only in cancer cells after 3 h of PtAcD exposure (Figure 1c) . CisPt induced an increase in the expression of Bax and a decrease in the expression of Bcl-2, while no effects on the Bid/t-Bid conversion were observed (Figure 1d ).
PtAcD-induced MAPK phosphorylation. We investigated the effect of PtAcD on the c-Jun N-terminal kinase (JNK) and p38 phosphorylation in both cancer and normal breast cells. By the use of a phospho-specific JNK antibody, we determined that PtAcD-mediated JNK activation was dose-dependent with a threshold effect observed at 1 mM and with a maximum at 10 mM, in both normal and cancer cells (Figure 2a ). No further increase was shown at 100 and 200 mM of PtAcD. Therefore, subsequent experiments were carried out using 10 mM PtAcD. The effects of PtAcD were time-dependent beginning 1 h after treatment and persisting through the next 3-24 h in cancer cells (Figure 2b , right panel). On the other hand, normal cells showed after 1 h only a transient JNK activation that declined rapidly over the next 3-6 h ( Figure 2b , left panel). JNK activation was significantly higher in cancer than in normal cells (Figure 2, lower panel) .
The activation of p38 was evaluated by using an antibody against its phosphorylated form (p-p38). We observed a threshold effect at 1 mM with a maximum at 10 mM in both normal and cancer cells (Figure 2a) . In cancer cells PtAcD treatment led to sustained activation (from 1-12 h after treatment) of p38 (Figure 2b, right panel) . In normal cells maximal p38 phosphorylation was apparent at 6 h and then rapidly disappeared over the next 12 h (Figure 2b, left panel) . During PtAcD treatment the expression of either total (phosphorylated plus un-phosphorylated) JNK or p38 did not change (Figures 2a and b) .
The involvement of JNK and p38 signaling in PtAcD cytotoxicity was further studied by the use of inhibitors. Pretreatment with the JNK inhibitor SP600152 resulted in attenuated sensitivity to PtAcD, as a significant increase in cell survival and a decrease in caspase-7 activation were observed, in both tumor and normal cells. At 20 mM SP600152 the percentage of surviving cells was 85% in both cell lines, significantly more than in its absence (78 and 45% in normal and tumor cells, respectively) ( Figure 2c ). Conversely, pretreatment with the p38 inhibitor SB203580 provoked a significant increase in cell survival from 45-74% in tumor cells only (ANOVA: Po0.001; Figures 2c and d) . These findings suggest that the differences in duration and extent of JNK/p38 activation in tumor and normal cells may be linked to survival or apoptosis.
PtAcD increased extracellular regulated kinase 1/2 (ERK1/2) phosphorylation with a maximum at 10 mM PtAcD (5.0 and 1.6-fold above basal levels in normal and tumor cells, respectively; Figure 3a ). The effect of 10 mM PtAcD on the ERK1/2 phosphorylation was time-dependent. There was a threshold increase at 15 min and a maximal effect at 1 h in both normal and tumor cells. Conversely, PtAcD did not have effect on total ERK1/2 levels (Figure 3b ). PD98059, a MAPK/ERK kinase (MEK) 1 inhibitor, was used in order to determine whether MEK was involved in PtAcD-induced phosphorylation of ERK1/2. Cell pre-treated with 15 and 30 mM PD98059 showed a dose-dependent inhibition of the PtAcD-induced ERK1/2 phosphorylation (Figure 3c ). Furthermore, normal cells pretreated with PD98059 showed an increased sensitivity to PtAcD, while in tumor cells PD98059 had no effects (Figure 3c ). In the presence of 30 mM PD98059 survival was about 50% in normal cells, significantly less than in the absence of PD98059 (80%; Figure 3c ) and a significant increase in the activated forms of caspase-7 was found (Figure 3c) . Thus, the lowest cytotoxicity of PtAcD in normal cells appeared to depend upon the phosphorylation of ERK1/2.
PtAcD-induced Akt activation. PtAcD (1-200 mM) caused a dose-dependent phosphorylation of Akt (Figure 3a) . In normal and tumor cells, a threshold increase of phosphorylated Akt was observed at 1 mM PtAcD, with a maximum at 10 mM (7.0-and 4.0-fold above basal levels in normal and tumor cells, respectively; Po0.001 ANOVA). Thus, subsequent experiments were carried out using 10 mM PtAcD. PtAcD caused a transient phosphorylation of Akt in tumor cells, which was maximal at 30 min and reached the basal level after 6 h. In normal cells the phosphorylation of Akt was highest at 30 min but persisted unchanged up to 24 h (Figure 3b ). Pre-treatment with the phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 resulted in enhanced sensitivity of the cells to PtAcD, inasmuch as a significant decrease in cell survival and an increase of caspase-7 activation were observed, in both normal and tumor cells (Figures 3c and d) . These findings confirm that Akt has a prosurvival role in breast cells treated with PtAcD, as in human neuroblastoma cells. The mechanism of PtAcD-induced MAPKs phosphorylation Role of PKC: Previous reports have shown that activation of protein kinase C (PKC) pathways influences the sensitivity of tumor cells to PtAcD. 3, 8 The PKC isozymes expression in primarily cultured epithelial breast cells was previously determined. 6 Inasmuch as activated PKCs translocate from the cytosol to the cellular membranes, we analyzed, by immunoblotting, the distribution of PKCs in breast cells treated with 10 mM PtAcD at different times (0-80 min). Cytosol-to-membrane translocations of PKC-a and PKC-z were observed in both cell types, while PKC-d translocated only in tumor cells (Figure 4a ). We used molecular (PKC-asiRNA, PKC-d-siRNA and PKC-z-siRNA) techniques in order to specifically inhibit PKC-a, PKC-d and PKC-z and establish their role in MAPKs control. Preliminary experiments by western blotting demonstrated that PKC-a-siRNA, PKC-d-siRNA and PKC-z-siRNA decreased PKC-a, PKC-d and PKC-z expressions and that not specific siRNA (siRNA-NS) had no silencing effect (Figure 4b ). The inhibition of PKC-z (Figure 4c ) completely blocked PtAcD-provoked JNK and p38 phosphorylation in normal breast cells, and only partially in tumor cells (Figure 4d ). In fact, in tumor cells the complete inhibitions of the p38 and JNK phosphorylation were observed when both PKC-z and PKC-d expressions were silenced (Figure 4d ). The results suggested that PKC-d is responsible for sustained phosphorylation of p38 and JNK. Pre-treatment of cells with PKC-a-siRNA (10 nM) inhibited both PtAcD-induced ERK1/2 and Akt phosphorylation and also epidermal growth factor receptor (EGFR) internalization in both normal and tumor breast cells (Figure 5c ).
Role of EGFR:
We showed previously that in thyroid cells cisPt activated ERK1/2 through the EGFR pathway; 9 thus, here we determined the role of the EGFR pathway in breast cells treated with PtAcD. Ten mM PtAcD induced changes in EGFR cellular localization due to internalization (Figure 5a ). The EGFR internalization and the PtAcD-provoked ERK1/2 and Akt phosphorylation were completely blocked by pre-incubation with the EGFR inhibitor AG1478 (15-30 mM; Figure 5b ). AG1478 also enhanced the sensitivity of both normal and tumor cells to PtAcD (Figure 5d ), indicating that the EGFR pathway is involved in cell survival after PtAcD treatment.
Role of ROS: PtAcD increased the synthesis of ROS in cancer cells. 8, 10, 11 Using the nitroblue tetrazolium (NBT) assay we also found that in normal and tumor cells PtAcD Figure 6a ). ROS generation by PtAcD was higher in cancer than in normal cells. Diphenyleneiodonium (DPI), an inhibitor of the NAD(P)H oxidase, and apocynin, inhibited the PtAcD-induced PKC-a translocation, EGFR activation and ERK1/2 and Akt phosphorylations (Figure 6b ), suggesting the involvement of NAD(P)H oxidase in these cell survival pathways. Among the members of the NAD(P)H oxidase (NOX) family, NOX1, NOX4 and NOX5 are coexpressed in breast epithelial cell line and primary breast tissues. 12 As Noxes have a requirement for the transmembrane protein p22 phox , we evaluated p22 phox protein levels in five normal/cancer pairs. Figure 6c shows that p22 phox protein levels are higher in tumors and this may be an indication that cancer cells can respond to PtAcD generating higher levels of ROS compared with healthy cells.
As JNK and p38 activation is required for PtAcD-induced apoptosis, we analyzed whether inhibition of the antiapoptotic pathways had an effect on these kinases. Indeed, LY294002
and PD98059 enhanced PtAcD-induced activation of p38 and JNK1/2 in both normal and tumor cells (Figure 6d ).
Discussion
One major challenge in anticancer therapy is to increase the selectivity of current treatments toward cancer cells in order to spare normal cells. We have previously demonstrated that PtAcD possesses a greater cytotoxicity than cisPt in human cancer cells. 3, 5, 8 Differently from cisPt, for which the activity appears to be associated both with its intracellular accumulation and with the formation of DNA adducts, the cytotoxicity of this new compound is related to the intracellular accumulation only, showing a low reactivity with nucleobases and a specific reactivity with sulfur ligands. The different mechanism of action of PtAcD may render it intrinsically able to evoke less chemoresistance. 3, 5 PtAcD exhibited higher antitumor activity than cisPt also in breast cancer cell lines relatively resistant to many chemotherapeutic agents, cisPt included. As the normal breast cells MCF-10A were less sensitive to PtAcD than cancerous breast cells, it becomes important to establish whether effectively PtAcD is especially toxic to cancer cells. To this end, the effects of PtAcD were studied in primary cultured epithelial tumor and normal breast cells obtained from histologically proven malignant and nonmalignant tissue. The cytotoxicity of PtAcD was stronger in tumor than in normal breast cells. PtAcD showed 18-20-fold higher selectivity in killing cancer over normal cells. PtAcD cytotoxicity in tumor cells was approximately 16-fold higher than that observed for cisPt, which does not have selectivity toward breast cancer cells. PtAcD was able to activate the mitochondrial apoptotic pathway in both cell types, although with different extent, as already demonstrated in immortalized cells. 5, 8 Activated MAPKs are components of the apoptotic program 7 and we showed previously that p38 and JNK contributes to the apoptosis provoked by PtAcD in SH-SY5Y human neuroblastoma cells. 8 Several data suggested that JNK and p38 may have different (cell death-cell proliferation) and sometimes opposite (cell proliferation-cell proliferation arrest) biological activities depending on the cell type and stimulus. We therefore investigated the activation of JNK and p38, their respective upstream intracellular activators and the effects of inhibiting their activation in PtAcD-treated breast cells. PtAcD differentially activated JNK and p38: such activation is prolonged and strong in tumor cells whereas transient and of the small intensity, in normal cells. Previous studies have established that Jnk1 and Jnk2 genes are implicated in the developmental morphogenesis of mammary gland. Bim and Bmf are targets of proapoptotic signaling by JNK.
14 On the other hand, JNK signaling loss may lead to defects in Bim/Bmf function and consequently to failure of luminal clearance. 15 In the setting of breast cancer development, JNK deficiency increased tumor formation and JNK activation-defective cell lines are resistant to the lethal effects of cisPt. 16 Consistently, our results showed that JNK plays a much more important role than p38 in PtAcD-induced apoptosis of tumor cells. However, the physiological function of JNK does not necessarily include induction of apoptosis. 17 Another study revealed different biological consequences of JNK, depending on the time of activation after UV light exposure or genotoxic agent. 18 The same was true for p38, although the effect was less pronounced than that of JNK. It is interesting to note that the different times and duration of the activation of JNK and p38 can alter their outcome on the proliferation, differentiation or apoptosis. 19 In addition, in cell lines resistant to cisPt a sustained activation of JNK and p38 represents a general mechanism of apoptosis. 20 Also our results show that the long activation of JNK and p38 is responsible for the death of cancer cells induced by PtAcD. In normal cells, the cytotoxic effect of PtAcD was smaller and correlated with the transient activation of p38. Although further studies are needed to identify the specific intracellular targets of JNK/p38, here we anticipate that cisPt causes the sustained phosphorylation of JNK and p38 and that this persistent activation is associated with apoptosis of both tumor and healthy breast cells.
It has been demonstrated that ERK1/2 signaling pathway is activated in response to certain cellular stresses, cisPt and PtAcD included. 3, 8, 10 ERK activation may exert either an antiapoptotic 21 or a proapoptotic 22 influence depending upon the cellular context and by as yet unclarified regulatory mechanisms. In breast cells, PtAcD provoked high and sustained activation of ERK1/2. The increase in apoptotic cell number and decrease in caspase-7 activation found under conditions in which ERK1/2 phosphorylation was inhibited, suggested an antiapoptotic role of ERK1/2 in normal cells only. This discrepancy between healthy and cancerous cells indicated that ERK1/2 activity in response to PtAcD treatment might depend on the individual cellular context, and that ERK1/2 in tumor cells has somehow lost its antiapoptotic role. Preliminary data obtained in breast tumor cells showed a drastic impairment of cell motility in response to PtAcD occurring through a novel mechanism mediated by ERK1/2 activation. The signaling molecules upstream of MAPKs, likely different in the two cell types, may explain the different effects on their phosphorylation state.
In both PtAcD-and cisPt-induced effects, PKCs are crucial elements in the pathway linking Pt(II) compounds to MAPK cascades. 3, 10 Here, atypical PKC-z is required for the transient phosphorylation of p38 and JNK after PtAcD treatment. This is particularly intriguing because PKC-z can be activated by mitogenic and apoptotic stimuli and interactions between PKC-z and the pro-mitogenic cascades have been suggested. 23 Recent studies have demonstrated a growth inhibitory role for PKC-z, its involvement and increased expression during apoptosis. 24, 25 In tumor cells the persistent and prolonged activation of JNK and p38 is made possible because, the initial action of PKC-z, is supported by the concurrent activation of PKC-d. Probably, this is necessary to overcome a certain threshold level required to trigger the activation of factors required for apoptosis. Similar results were reported in PtAcD-treated SHSY5Y human neuroblastoma cells and during apoptosis in salivary gland acinar cells and in prostate cancer cells. 26, 27 Conversely, PKC-a is responsible for the normal breast cell survival. PKC-a activated downstream signaling pathways including EGFR, ERK and PI3K/AKT, as both ERK1/2 and Akt phosphorylation are blocked by siRNA-PKC-a. Regarding Akt, one of the most important factors for cell survival in response to different stress, 28 it exerts its antiapoptotic role in both normal and tumor breast cells.
Many chemotherapeutic agents have effects on the cellular redox status; 29 we showed that PtAcD increased the synthesis of ROS through activation of NAD(P)H oxidase and 8, 10, 11 It is known that PtAcD causes the increase in ROS mainly through the activation of NAD(P)H oxidase, though its exact mechanism of action is still elusive. ROS generation can regulate the cell-fate decision through the control of many functional proteins. 30 Here, redox regulation is twofold; ROS affected key factors controlling cell death and survival. Whether the consequence of oxidative stress will lead to cell survival or death is likely dependent on the integration of those ROS-sensitive signals. In our case p38 and ERK/Akt activation were linked to PKC-z and PKC-a, respectively. The activation of PKC-z and PKC-a provoked by PtAcD was due to ROS as such activations were blocked by inhibiting the NAD(P)H oxidase. Thus, NAD(P)H oxidase activation leading to MAPKs activation is a key event in the apoptotic processes but also in the survival process after exposure of the breast cells to PtAcD. The overall effect was different in the two different cell types, also because in cancer cells there was a significantly greater production of ROS. The levels and durations of ROS determined the activation or inhibition of each signal-transduction pathway. The inhibition of PI3K made stronger the action of p38 and JNK, as previously shown in neuroblastoma cells. 8 In summary, PtAcD causes the activation of the classical pro-survival pathways PI3K and ERK1/2 that, particularly in normal cells, have an important role in the block of apoptotic processes that are only secondarily activated. In cancer cells PtAcD also activated PKC-d responsible for the sustained activation of p38 and JNK, both involved in the apoptotic process; in addition in cancer cells ERK1/2 lost its antiapoptotic role.
Conclusion
These studies support our assumption of higher toxicity of PtAcD toward cancer cell previously observed in immortalized breast cell lines. We confirm the potent and selective cytotoxic effects against breast cancer cells in primary cultures. PtAcD produces these effects at concentrations lower than cisPt, whose undesirable side effects continue to limit its effectiveness. The selectivity of the observed effects stimulates a more detailed study to understand the balance of cellular and molecular mechanisms involved, in addition to pre-clinical investigation of the therapeutic potential of PtAcD in vivo. tumor were obtained after surgery performed in the 'V. Fazzi' hospital (Lecce). All patients gave informed consent to study participation before enrolment. All the tumors were invasive intraductal carcinomas from patients who fulfilled the following inclusion criteria: having a breast lesion pathologically diagnosed as malignant by core biopsy, not having received any therapy before surgery, not pregnant at the time of diagnosis and having no history of breast cancer or previous breast surgery including breast implants. Clinical and pathological data, obtained from hospital archives, are summarized in Table 1 .
Portions of tissue were immediately sent to the histopathology laboratory for the histological diagnosis, and other portions placed into transport medium and disaggregated immediately as described previously. 31 The cultured cells exhibited the characteristic features of epithelial cells, that is, a positive immunocytochemical staining for cytokeratin 19; the contamination from fibroblasts was quantified by using anti-Vimentin antibody (Sigma, Milan, Italy), showing that their expression was lower than 5%.
We used, for all the experiments shown herein, normal and corresponding tumor breast epithelial cells in primary culture at passages 2-3 as we found that the estrogen receptor (ER) and progesterone receptor (PgR) concentrations, specific markers of the epithelial source of the breast cells, did not change significantly until the fourth culture passages.
Enzyme immunoassay (EIA) of estrogen and progesterone receptors (ER and PgR). ER EIA and PgR EIA assays (Abbott, Chicago, IL, USA) were carried out in accordance with the manufacturer's instructions.
Cytotoxicity assay. We evaluated the IC 50 in all pairs of cultures (n ¼ 30 normal/cancer pairs) with MTT and SRB assays, and by cell counting. The SRB assay and the conversion of MTT by breast cells were used as an indicator of cell number as described previously. 3 Viable cells were also counted by the trypan blue exclusion assay and light microscopy.
ROS measurements. Experiments on ROS generation were made on five randomly chosen normal/cancer pairs. ROS generation was detected by NBT assay as previously described. 5 siRNA and siRNA transfection. Small interfering RNAs were prepared by an in vitro transcription method, according to the manufacturer's protocol (Promega, Madison, WI, USA). Initially, four siRNA target sites specific to human caspase-3, PKC-a, PKC-z and PKC-d mRNA and five siRNA to p65, as determined by blast analysis, were chosen. For each siRNA, sense and antisense templates were designed based on each target sequence and partial T7 promoter sequence. The breast cells were transfected with siRNA duplexes using the protocol supplied with the CodeBreaker siRNA transfection reagent (Promega) as described previously. 32 Cell lysis, fractionation and western immunoblot analysis. Because of the great demand for material and little availability of cultured cells western blotting experiments were done on groups of three or four pairs randomly chosen. Specifically, (i) western blottings for caspases, PARP, Bid, Bax and Bcl-2 were made on four pairs, (ii) western blottings for p38 and JNK were done on three pairs, (iii) western blottings for Akt and ERK were done on three pairs; (iv) western blottings for PKC were performed on four pairs and finally (v) the western blottings for EGFR on three other pairs. Preparation of subcellular fraction, western blotting analysis and immunodetection were performed as previously reported. 8 Statistical analysis. Experimental points represent means ± standard deviation (S.D.) of 3-6 replicates. Statistical analysis was carried out using the ANOVA. A P value less than 0.05 was considered to achieve statistical significance.
Reagents. PtAcD was prepared according to previously reported procedures. 
